We study the intensity-intensity correlation in a closely spaced doublet V-type three-level atom driven by an external coherent field and damped by a broadband squeezed vacuum. We are interested in the manner in which the atom emits photons under the combined effect of quantum interference and squeezed vacuum. For distinguishable photons and degenerate transitions, the squeezed field produces anticorrelation, whereas for nondegenerate transitions the effect of the squeezed field is the surpassing of the antibunching during certain time intervals. We find that bunching/antibunching behaviour and the symmetry of the two emission processes can be controlled by the relative phase of the squeezed vacuum to the coherent field. For particular conditions we show a bunching behaviour which turns to antibunching when the two-photon correlations in the squeezed vacuum are reduced to the classical level. Therefore, this transition must be attributed to the quantum nature of the squeezed vacuum. We also study the sideband correlations. We find that squeezed vacuum makes the sidebands evolve at different rates which are phase dependent.
Introduction
The observation of resonance fluorescence of single atoms has proved to be a successful way to investigate the fundamental interaction of matter and radiation. A variety of interesting phenomena have been predicted, such as photon antibunching [1, 2] , subPoissonian statistics [3] , squeezing [4, 5] , atomic coherences [6] , dark resonances [7] and quantum jumps [8] , among others. Most of these effects appear in two-level atoms, whereas atomic coherence and dark resonances are found in three-level or multilevel atoms.
It is well known that the control of emission properties of an atom may be achieved by changing the environment so that the atom interacts with a modified set of vacuum modes. One way is to place the coherently driven atom inside a cavity, for which spectral features can be dramatically changed, for example, dynamical suppression and enhancement of the Mollow triplet have been predicted [9] . Another method is to bath the atom in a squeezed vacuum [10, 11] . Since the first successful generation of squeezed light, the interaction of atomic systems with squeezed light has been a subject of intense activity. As first predicted by Gardiner [10] , the squeezed vacuum can inhibit the decay of one of the two atomic quadratures of a two-level atom. This phenomenon leads to the prediction of a large number of different effects and a variety of classic and standard problems have been reexamined with squeezed light. Carmichael et al [12] showed that the resonance fluorescence spectrum of a resonantly driven two-level atom damped by squeezed vacuum exhibits a Mollow-like triplet for strong driving fields, as happens in the standard vacuum case [13] . However, the linewidth of the central peak strongly depends on the relative phase of the driving field and the squeezed vacuum. In the context of gain without population inversion, Ficek et al [14] have shown that a two-level atom damped by a broadband squeezed vacuum can exhibit a strong emission peak (gain) at the central frequency of the atomic levels which is not attributed to population inversion and results from the so-called coherent population oscillations [15] . The effects of a broadband squeezed vacuum on three-level atomic populations in , V and ladder configurations have also been investigated by Ficek and Drummond [16] and in [17] . Resonance fluorescence spectra of a three-level atom which interacts with two coherent lasers and two independent squeezed vacua have also been addressed [18] [19] [20] . Ferguson et al [19] have examined the fluorescence spectrum for a strongly driven three-level system in which one of the two one-photon transitions is coupled to a finite-bandwidth squeezed vacuum field. Bosticky et al [20] have considered the behaviour of a three-level atom in a ladder configuration with the lower transition coherently driven and damped by a narrow-bandwidth squeezed vacuum field. Great attention has been paid to the effect of a squeezed vacuum on the two-photon excitation rate for a three-level atom in the ladder configuration, where a linear dependence of the excitation rate on the excitation intensity in the weak field limit is predicted, instead of a quadratic one for a classical excitation field [21, 22] . Moreover, the study of squeezing effects in atomic spectroscopy is of undoubted interest since it can lead to novel physical effects not attainable with conventional radiation sources. It also provides the further possibility of verifying directly the predictions of quantum electrodynamics. For a review on this topic see [23] [24] [25] .
In spite of receiving considerable theoretical attention in this area, experimental work has proven to be extremely difficult. In fact, there is only one experimental verification of a purely nonclassical effect in spectroscopy with squeezed light [22] . The experiment has demonstrated the departure from quadratic intensity dependence, characteristic of classical light sources, of the population of the upper state of a ladder three-level atom. An additional attempt to couple squeezed light and atoms within the setting of cavity QED [26] was sensitive only to the fact that the squeezed states have an asymmetric phase-space distribution for the fluctuations of the quadrature-field amplitudes. However, this experiment did not convincingly demonstrate a sensitivity to the fact that the excitation field was nonclassical. The goal of these experiments is to observe effects that are purely nonclassical in the sense that they must be the result of the nonclassical nature of the electromagnetic field used in the experiments. This means that these effects cease to occur for all of the classical states of light. In this way, an important series of works has analysed the so-called anomalous resonance fluorescence. Smart and Swain [27] , Zhou et al [28] and Swain and Dalton [29] have shown that, under appropriate conditions, the presence of squeezed vacuum can lead to resonance fluorescence lineshapes which are quite different from those obtained in its absence. Furthermore, these features are nonclassical, in the sense that they do not arise if the squeezed vacuum is substituted by a classical analogue, and would be a powerful demonstration of the quantum properties of the squeezed vacuum. However, most of the predicted nonclassical effects appear for small intensities of the squeezed and coherent fields. For a weak excitation, the signal to be observed is also very weak, which makes it very difficult to collect an efficient amount of the scattered radiation from the interaction.
In this scenario, where the theoretical works are interested in squeezing experiments which measure the fluctuations of the variance of the wave amplitude of light, it should be noted that one of the most important statistical quantities for fluorescing quantum systems is the intensity correlation function, g 2 (τ ), for photon counts [30] . The behaviour of this function for small times gives information about the classical or quantum character and bunching or antibunching, depending on whether g 2 (τ ) > 1 or g 2 (τ ) < 1. In the context of three-level atoms, the role of dipole-dipole interaction in the quantum jumps of a system of two V-type atoms was investigated through the intensity-intensity correlation by Lawande et al [31] . Antibunching in the intensity correlation of a single Ba + ion was found by Schubert et al [32] . Hegerfeldt and Plenio [33] predicted oscillations in the second-order correlations in both and V atoms driven incoherently. The two-time fluorescence intensity correlations were examined by Huang et al [34] in the context of a cascade scheme, showing secondary oscillations in addition to the familiar Rabi oscillations. In recent works, the correlation function has been used as a measure of how successfully single-photon sources work as a photon blockade [35] , and for the verification of the dipole-dipole interaction between two V-type atoms [36] .
The importance of correlation functions stems on one hand from the easy experimental implementation of this technique, and on the other hand from the fact that the efficiency of the photon detector is not a limiting factor. This sensitivity of the photocounting techniques suggests that in some circumstances it might be desirable to investigate the effect of the squeezed vacuum in the measurement of the second-order correlation function rather than in the emission spectrum. For these reasons, in this work we are interested in the study of the interaction of a closely spaced doublet Vtype atom with a squeezed vacuum under conditions such that squeezed vacuum-induced interference among decay channels is significant. For three-level atoms, there are more avenues for quantum interference and it is expected that two-photon correlation signals exhibit new features which are not present in two-level atoms. In particular, we are interested in the interplay between quantum interference and the squeezed vacuum. In recent years, quantum interference and coherence effects in multilevel atomic systems have received much attention. Their various effects include quenching of spontaneous emission, electromagnetically induced transparency (EIT), amplification without population inversion, etc [37] [38] [39] [40] [41] . The effects of quantum interference on two-time intensity correlation in V-type atoms were analysed by Swain et al [42] . They found that, in the presence of quantum interference and in the nondegenerate case, the second-order correlation functions exhibit extremely high values, in contrast with the corresponding case without quantum interference. In a later work, Ficek and Swain analysed how a three-level V-type atom with perpendicular transition dipole moments driven by a coherent field coupling the ground and one of the upper states, and with the two upper levels connected by a dc field, may simulate a three-level atom with parallel dipole moments [43] . In particular, they showed that this system exhibits extremely high values for the two-time correlations like those found in [42] .
The study of quantum fluctuations has received particular attention since the pioneering studies of photon bunching with thermal fields [44] . The influence of the squeezed vacuum on the second-order correlation function was analysed by D'Souza et al [45] for a two-level atom. They found an inhibition in atomic fluorescence due to the enhancement of the lifetime of the atom coupled to a squeezed vacuum. They also showed that the photon statistics is highly sensitive to the phase of the squeezed vacuum. The sideband correlations have been analysed in the context of one and two two-level atoms in an ordinary and squeezed vacuum in [46] [47] [48] . The second-order intensity correlations of a two-level atom in free space and in a cavity has been also considered by Rice and Baird [49] . Line-narrowing at the Rabi sidebands was investigated through second-order correlation functions by Yeoman [50] . The modifications of resonance fluorescence of a two-level atom driven by coherent and stochastic fields has also been addressed [51] . In particular, the intensity fluctuations of the fluorescence field were shown to exhibit persistent oscillations in the strong Rabi frequency regime when the stochastic field is turned on.
In this work, we focus our attention on the interplay of quantum interference and a broadband squeezed vacuum in the two-time intensity correlations of a closely spaced doublet Vtype atom driven by a coherent field. We find that the presence of a squeezed vacuum substantially modifies the correlations. In particular, in the degenerate case the squeezed vacuum takes the system to a complete photon antibunching, in contrast to the case with standard vacuum. For the nondegenerate case, the extended simultaneous periods of darkness found by Swain et al [42] are destroyed, and can be modified by changing the relative phase of the squeezed vacuum to the coherent field. We show that the squeezed phase breaks the symmetry of the emission process, i.e., both transitions evolve independent each other. This is a key feature of the influence of the squeezed vacuum on correlations. On the other hand, we have found that under appropriate conditions the bunching of photons arises from the nonclassical nature of the squeezed vacuum. Moreover, in the case in which the photons emitted by the atoms are undistinguishable, the squeezed vacuum considerably reduces the large values previously found by Swain et al [42] . We also show that, even without a coherent driving field, the presence of a squeezed vacuum leads to coherence effects that may show up in the spontaneous emissions of a V-type atom. In this situation, the squeezing vacuum behaves as a thermal field as was found in the weakfield limit for two-level atoms [49] . Finally, we also address, for the first time to the authors' knowledge, the analysis of bunching/antibunching at the sidebands in a V-type atom. We derive expressions for intensity-intensity correlation functions that are phase sensitive. Under appropriate conditions the sideband correlations display a nonexponential decay. This is in contrast with the case of a single two-level atom where a exponential decay is always obtained [47, 48] .
The paper is organized as follows: section 2 establishes the model, i.e., the evolution equations of the atomic operators assuming the rotating wave approximation, and presents the basis for computing the correlation functions of interest. The influence of both quantum interference and the squeezed vacuum on the second-order correlations is studied in section 3. The sideband correlations are analysed in section 4. The main conclusions are summarized in section 5. 
The model
We consider a V-type atom consisting of two upper sublevels |3 , |2 coupled to a single ground level |1 by a single-mode laser field of frequency ω L . The energy-level scheme is shown in figure 1 . Spontaneous and stimulated emissions between these states are governed by the interaction of the atom with a reservoir in a multimode squeezed state. We assume that the transition between the excited levels is forbidden in the electric dipole approximation. In order to study the induced-coherence effects of spontaneous emission, the two upper levels |3 and |2 are coupled by the same vacuum modes to the ground level |1 . The resonant frequencies between the upper levels |3 and |2 and the ground level |1 are ω 31 and ω 21 , respectively. Note that ω 31 − ω 21 = ω 32 , ω 32 being the frequency separation of the excited levels.
The system is studied using the density-matrix formalism. Following the traditional approach of Weisskopf and Wigner [52] and the work by Ficek and Drummond [16] , we have re-derived in previous works [53, 54] the master equation for the reduced density matrix ρ s of the atomic system in the Born and Markov approximation. The evolution equations of the density matrix elements in the rotating frame take the form
where N and M characterize the squeezing, N being the mean photon number. We also consider a perfect squeezing condition, thus M = √ N (N + 1)e iφv , φ v being the phase of the squeezed vacuum. In equations (1) we have introduced a dimensionless time τ , and dimensionless variables
γ 3 and γ 2 are the decay rates for the |3 → |1 and |2 → |1 transitions, respectively. The quantum interference is characterized by the dimensionless parameter p (see equation (5)) which depends on the angle between the transition dipole moment µ 13 of the transition |3 → |1 and the µ 12 of the transition |2 → |1 [19, 55, 56] . Note that quantum interference is maximum if the transition dipole moment µ 13 is parallel to µ 12 , but it disappears if they are orthogonal. Several methods to bypass this stringent condition have been reviewed in [41] .
being the slowly varying complex field envelope (external field
The magnitude ≡ 2φ L − φ v is the phase difference between the coherent field and the squeezed field. In addition, all frequencies and detunings of the problem have been normalized to √ γ 2 γ 3 /2, and we have introduced the following normalized variables:
where
An inspection of equations (1) reveals several terms which are not present in the usual density-matrix equations of V-type three-level systems in ordinary vacuum [57] . The squeezed vacuum introduces a phase-dependent relaxation process in the polarization proportional to the |M|e i in the equations of ρ 31 and ρ 21 . The terms depending on p arise from quantum interference between the two decay channels.
In our analysis we consider the dimensionless detuning
, which is the laser detuning from the resonance with the centre of the two excited levels (see figure 1 ). We are interested in the normalized second-order twotime correlation function (intensity-intensity correlation) of the fluorescent signal emitted by the atom and observed by a single detector located at a distance r g (2) ( r , t, r , t
The first-and second-order correlation functions appearing in equation (9) can be expressed in terms of the positive and negative frequency parts of the electric field operators as
These magnitudes will be evaluated under stationary conditions, thus equation (10) reduces to
In the far-field zone (| r | c/ω i1 , i = 2, 3) the positive frequency part of the fluorescent light emitted by the atom takes the form
where we assume that ω 31 ≈ ω 21 , and the direction of observation is perpendicular to the atomic dipole moments µ 12 and µ 13 . The one-time correlation function is easily evaluated and gives
where the superscript SS stands for 'steady state' values of the corresponding magnitude. The evaluation of the secondorder correlation function can be carried out with the aid of the quantum regression theorem [58] and the optical Bloch equations (1) . For this purpose we define the column vectors
where the superscript T stands for transpose. According to the quantum regression theorem, for τ > 0, the vectors
A being the 8 × 8 matrix of the coefficients of equation (1) which reads as and B is the column vector
We can determine the values of U i11 j (τ ) by integrating equation (15) with proper initial conditions: they are determined by computing U i11 j (0) in terms of the steady state values of populations and coherences. It can be shown that the following equality holds:
Other correlation functions of interest are those related to the field emitted from the individual atomic transitions [34, 42] . In particular, we are interested in the normalized second-order correlation functions of the steady state fluorescent intensity defined as g (2) 22 (τ ) =
is the probability that at time t + τ the atom is in the upper state | j of the transition | j → |1 if it was in the lower state |1 of the transition |i → |1 at time t, and
is the steady state population of the state | j .
Effect of the squeezed field on the correlation functions

Distinguishable photons
In the rest of the work, we assume equal spontaneous decay rates, γ 2 = γ 3 ≡ γ , and | µ 13 | = | µ 12 |, so the normalized Rabi frequencies satisfy x 2 = x 3 ≡ x. We consider a strong driving field x = 10 on resonance with the centre of the two excited levels, δ k = 0, and we assume a perfect squeezing condition, i.e., |M| = √ N (N + 1). First we consider the second-order correlation functions (19) for the case of a V-type atom in the absence of quantum interference ( p = 0). In figure 2(a) we show the effect of the squeezed vacuum field for the case of a degenerate V-type atom (ω 32 = 0). The dashed curve corresponds to the two correlation functions (19) in the presence of a squeezed vacuum with N = 0.5, and = 0. For comparison purpose we also show in this figure the case with standard vacuum (solid curve). The correlations display the typical Rabi oscillations as in the case of a two-level atom. The effect of the squeezed field is to produce a slight reduction of the peak amplitudes of the correlation functions. In figure 2(b) we show the correlation functions for the same parameters as in figure 2(a) , but now ω 32 = 5γ , i.e., for the nondegenerate case. We can clearly see that there are simultaneous oscillations at the Rabi frequency as well as half of the Rabi frequency. We obtain again that the squeezed field produces a slight reduction of the peak amplitudes of the correlation functions. So we conclude from figures 2(a) and (b) that in the case with p = 0 the oscillations are damped by the action of the squeezed field. In any case, the shape of the oscillations seems to indicate that the atomic dipole moments oscillate independently, regardless of the value of ω 32 .
We now consider the case in which p = 0 but p < 1 in order to avoid population trapping which is attained when p = 1 and the atom is damped by the standard vacuum, i.e., N = 0 (see for example [59] ). We use the same parameters as in figure 2 except for p = 0.99. In the degenerate case (see figure 3(a) ) we find that the presence of the squeezed vacuum modifies substantially the correlations: after the first Rabi oscillation the squeezed vacuum takes the system to a complete photon antibunching, i.e., g (2) 2i (τ ) < 1, i = 2, 3 (see dashed curve). This means that after detection of a photon at time τ = 0 the detection of another photon emitted from levels |3 or |2 is very unlikely. However, this complete photon antibunching disappears in the case of a standard vacuum (see solid curve). Therefore, we can conclude that this result is due to the combination of both quantum interference and squeezed vacuum field. Consequently, a measurement of these correlations will reveal nonclassical effects. The results for the nondegenerate case are presented in figure 3(b) . In this case and when N = 0 we recover the results obtained by Swain et al [42] showing that the values of g (2) 22 (τ ) and g (2) 23 (τ ) remain below unity for all times (see solid curve), thus indicating that for any instant τ the probability of emission 2 j (τ ) ( j = 2, 3) for the case of distinguishable photons. We take γ 2 = γ 3 = γ , δ k = 0, x 2 = 10, p = 0.99, N = 0.5 and ω 32 = 5γ . The solid curve corresponds to = π , and the dashed curve to = 0. from levels |3 and |2 to level |1 is small. Swain et al [42] interpreted this behaviour as extended simultaneous periods of darkness in the fluorescence from the two atomic transitions. This is an interesting result found in [42] due to the quantum interference. Nevertheless, when N = 0, and M = 0 the correlation functions are greater than unity during certain time intervals, although the asymptotic value still remains below unity (see the dashed curve in figure 3(b) ). Thus the effect of the squeezed fields is to inhibit the extended simultaneous periods of darkness in the fluorescence of the two atomic transitions. Incidentally, this effect is also produced when the atom is damped by a thermal field (not shown in figure 3(b) ). We find that the correlation functions oscillate at more than one frequency whose origin was explained by Swain et al [42] . Now, let us analyse the influence of the squeezed phase on the correlation functions. The dependence of the secondorder correlation function on the phase of the squeezed vacuum was first reported by D'Souza et al [45] for a two-level atom. In figure 4 we plot the correlation functions in the presence of both quantum interference ( p = 0.99) and squeezed vacuum field with N = 0.5 and different values of the squeezed phase for the nondegenerate case (ω 32 = 5γ ). The dashed curve corresponds to a squeezed phase = 0, and the solid curve corresponds to = π. In the later case the correlations exhibit values below unity for all values of time τ ; i.e., an extended period of darkness is obtained in the two atomic transitions. Therefore, the squeezed phase dramatically influences the emission process in the initial stage, allowing or inhibiting the consecutive emission of photons from upper levels, although the asymptotic behaviour is nearly phase independent and presents strong antibunching. Another remarkable effect of the squeezed phase is to break the symmetry of the emission process. This phenomenon is shown in figure 5(a) where we plot the correlation functions g (2) 22 (τ ) (solid curve) and g (2) 23 (τ ) (dashed curve) for the same previous parameters but with a squeezed phase = π/4. A single inspection of this figure clearly reveals that both transitions evolve independently from each other. In particular, if a photon is emitted at τ = 0 from level |2 to level |1 , the probability of emission from level |2 to level |1 at time τ > 0 is smaller than that obtained in the situation in which a photon is emitted at τ = 0 from level |2 to level |1 and a subsequent photon is emitted at time τ > 0 from level |3 to level |1 . This behaviour also appears for other values of . In particular, we plot in figure 5 (b) the case with = 0.85π. We see again that both correlations do not evolve synchronously and, moreover, in this case both correlations are below unity for all times. In summary, we have found that the squeezed phase allows us to control the bunching/antibunching behaviour and the symmetry of the two emission processes. On the other hand, in the degenerate case we have obtained that both correlation functions g (2) 22 (τ ) and g (2) 32 (τ ) evolve synchronously for any value of .
It is well known that in the case with p = 1 population trapping is attained, thus no fluorescent signal is obtained when the atom is damped by the standard vacuum (N = 0) as a result of destructive interference between the two decay channels. We have shown in [54] that the effect of the squeezed field is to break the trapping state, thus fluorescence takes place. This fact is reflected in the correlations shown in figure 6 : values below unity are obtained when N = 0 (solid curve), whereas values above unity are obtained when N = 0.5, and = 0 (dashed curve).
It is interesting to explore to what extent the breaking of the trapping state, and thus the breaking of the periods of darkness, arises as a pure quantum effect due to the twophoton correlation or whether it can be obtained by considering the so-called maximally correlated classical field (MCCF), i.e., |M| = N [60] . In figure 7 (a) we present the results Figure 5 . Second-order correlation functions g (2) 22 (τ ) (solid curve) and g (2) 32 (τ ) (dashed curve) for the case of distinguishable photons. We take γ 2 = γ 3 = γ , δ k = 0, 2 j (τ ) ( j = 2, 3) for the case of distinguishable photons. We take γ 2 = γ 3 = γ , δ k = 0, x 2 = 10, p = 1 and ω 32 = 5γ . Solid curve, N = 0; dashed curve, N = 0.5 and = 0. obtained when the upper level splitting is ω 32 = γ for a moderate Rabi frequency x = 0.6. Note that when the atom is damped by an MCCF (dashed curve) the correlations reach unity later in time than in the case in which the atom is damped by a quantum squeezed field, i.e., |M| = √ N (N + 1) (solid curve). Moreover, in the latter case we observe that bunching appears as a pure quantum effect which is absent in the classical analogue. It is obvious from figure 7(a) that the measurement of intensity-intensity correlations will reveal nonclassical effects arising from the squeezed vacuum field. Furthermore, this effect can be obtained for other parameters: the case shown in figure 7 (b) where we present the two-time correlations for the quantum and classical cases when ω 32 = 2γ , and for a larger value of the Rabi frequency than that used to produce figure 7(a), is particularly interesting. The importance of this last result arises from the fact that the squeezing induced nonclassical effects are not limited to very weak squeezed fields or to reduced Rabi frequencies. This result is in contrast to the nonclassical effects found in the resonance fluorescence spectrum of two-level atoms which only appear for small squeezing and coherent fields [28, 29, 25] .
Some insight into the results found in this section can be gained if we perform the analysis in the dressed basis. We restrict our analysis to the case of an intense external field, N γ ( ≡ 1 = 2 ), where the sidebands are well developed. We also consider δ k = 0. The dressed states are labelled as |+ , |b and |− [51] and are given as
We have derived in a previous work [54] the evolution equations of populations and coherences in the dressed basis under the secular approximation of a laser driven V-type atom and damped by a broadband squeezed vacuum. We reproduce the Bloch equations in the dressed state representation for the sake of completeness
where the expressions for the are given in the appendix.
In the secular approximation, the two-time correlations for distinguishable photons g (2) 2 j ( j = 2, 3) in the dressed state basis can be obtained after a lengthy but straightforward calculation. For the sake of brevity, we only reproduce the final results for the g (2) 22 (τ ) which can be computed by using the quantum regression theorem and the equations (23) . The final expression for g (2) 22 (τ ) is given by g (2) 22 (τ ) = 
where we assumed that the decay 4 is a complex number of the form 4 = r 4 + i 
In view of the result obtained in equation (24) we arrive at the following conclusions.
• The two-time correlation g (2) 22 (τ ) presents oscillations at two frequencies R and R /2 according to the numerical results presented in several figures such as figures 2(b), 3(b), 4, 5 and 6. The frequency values of these oscillations do not depend on the squeezed vacuum parameters, in agreement with the results displayed in the previously mentioned figures. The oscillation at R can be attributed to transitions between dressed states which produce the outer sidebands (transitions |+ → |− and |− → |+ ), whereas the oscillation at R /2 can be attributed to transitions between dressed states which produce the inner sidebands (transitions |+ → |b and |b → |− ). Note that in the degenerate case, i.e., ω 32 = 0 ( = 0), the terms oscillating at R /2 vanish and the correlations only present oscillations at R (see equation (24)).
• We recall here that in the case with maximal quantum interference ( p = 1) the population of dressed states only depends on the mean photon number N . Furthermore, for the data considered in figure 7 (a) it can be easily seen that the contributions to g (2) 22 arising from the inner sidebands can be neglected, thus the difference between the correlation obtained for the quantum squeezed field and the MCCF arises from the dependence on M of the decay 5 . However, for the data considered in figure 7(b) both the inner and outer sidebands are nearly developed which explains the two oscillations displayed. In this case 4 also depends on the two-photon correlation M.
Indistinguishable photons
Now we resort to analysing the situation in which the photons are emitted from both transitions and they are not distinguishable by the detector. Thus we will consider the full second-order correlation given by equation (9) . We consider the nondegenerate case with ω 32 = 5γ . The temporal evolution of second-order correlation in the absence of quantum interference ( p = 0) is presented in figure 8(a) for the cases with standard vacuum (solid curve) and with a squeezed vacuum field (dashed curve). This figure reveals that the effect of the squeezed field is to produce oscillations with reduced amplitude with regard to the case with N = 0. This result reproduces essentially the Rabi oscillations found in two-level atoms [49] . However, in the presence of quantum interference dramatic changes are produced in the correlation function (see figure 8(b) ): when N = 0 (solid curve) high values of the correlation function are obtained which are similar to those obtained by Swain et al [42] . When the atom is damped by the squeezed field (dashed curve) the correlation also presents values above unity for all times although less than those obtained when N = 0. In both cases the correlations decay at a low rate and take a time τ 69 (τ 25) before g (2) reaches unity when N = 0 (N = 0) as indicated by the solid (dashed) curve in figure 8(b) . The high values of the correlations found in figure 8(b) depend on the value of Rabi frequency (x). We intend to explore the correlation when x is increased by an order of magnitude. For comparison purposes we present in figure 9 (a) the results obtained when p = 0. We note that the the two-time correlations exhibit the typical Rabi oscillations. Besides, in the presence of quantum interference the correlations are modified as shown in figure 9(b) . Furthermore, it should be noted that the values of the two-time correlation are higher when the atom is damped by the squeezed vacuum in comparison to the case in which Figure 9 . Second-order correlation functions g (2) (τ ) for the case of indistinguishable photons. We take γ 2 = γ 3 = γ , δ k = 0, x 2 = 100, ω 32 the atom is damped by the standard vacuum. This result is in marked contrast to the usual situation found in a threelevel atom when p = 0 (see figure 8(a) ) and in a two-level atom, where it is found that the squeezed field produces an over-damping of the correlations. The over-damping of the correlations in a two-level atom can be derived from [49] .
We have found a small influence of the phase of the squeezed field on the total second-order correlation. When the phase of the squeezed field changes from zero to π the oscillations are slightly reduced in amplitude although the time required to reach unity is essentially the same in all the cases.
3.2.1.
Coherent field turned off. Now let us analyse the case in which the external coherent field is turned off, i.e., x = 0. In this case the atom only interacts with the squeezed field. Figure 10(a) presents the results for the degenerate case (ω 32 = 0) with a squeezed field with N = 0.5. Note that no oscillations appear in the time evolution of intensity-intensity correlation for both p = 0 (solid curve), and p = 0.99 (dashed curve). The most remarkable effect of quantum interference is a notable correlation produced in the emitted photons. In particular when p = 0.99, values of g (2) (τ ) above unity are obtained for an instant of time less than that obtained in the case with p = 0. Furthermore, in the presence of quantum interference the correlations decay at a low rate: it takes a time τ ≈ 250 before g (2) (τ ) reaches unity when p = 0.99, thus producing an extended bright period.
The two-time correlation for the nondegenerate case (ω 32 = 5γ ) is shown in figure 10(b) . We note that in the absence of quantum interference (solid curve) the evolution of g (2) (τ ) is similar to that obtained when ω 32 = 0, whereas in the presence of quantum interference oscillations appear during the course of time (dashed curve). These oscillations cannot be attributed to Rabi oscillations since the coherent field is turned off (x = 0).
These results can be explained by a further exploration of the expression of g (2) (τ ) in more detail. It can be shown that the necessary correlations to compute g (2) (τ ) are
The two later correlations, equation (27) , are always multiplied by the quantum interference parameter ( p) in the expression for g (2) (τ ). Therefore, in the case with p = 0, the two-time intensity correlation is governed by the time evolution of populations ρ 22 and ρ 33 . By defining a new variable as ρ e ≡ ρ 33 + ρ 22 , its equation of motion from equations (1) is
This variable decays monotonically with a decay time τ d = (2(3N + 1)) −1 , and does not exhibit oscillations for any value of the splitting, in agreement with numerical results shown in figures 10(a) and (b) (solid curves). Furthermore, for the value of N used in figure 10 we obtain a decay time τ d 0.03 which also agrees with the numerical result.
Let us analyse the case with quantum interference ( p = 0). In this case the four correlations (see equations (26) and (27)) contribute to g (2) (τ ). Therefore, we should take into account the time evolution of populations (ρ 22 and ρ 33 ) and coherences (ρ 23 and ρ 32 ) which from equations (1) 
Note that in the degenerate case (ω 32 = 0), ρ e and ρ 23 evolve with damping coefficients given by
which are obtained by solving the linear system (29) . Note that λ + represents a slow decay time. By using the parameter values of figure 10(a) , that is N = 0.5, and p = 0.99, we obtain λ + −0.037. So the decay time is τ d = 1/|λ + | 26.8, in agreement with the result displayed in figure 10(a) (dashed curve). On the other hand, in the nondegenerate case we obtain an eigenvalue problem of the form
In order to manage equation (31), we resort to the approximation p ≈ 1 for the case with N 1. In this case the eigenvalues can be approximated by
These results explain the oscillatory behaviour found in figure 10 (b) (dashed curve). The frequency of oscillation (2ω 32 /γ ) is coincidental with the numerical simulation.
We would like to remark that the evolution of ρ e and ρ 23 do not depend on M as indicated by equation (29) . Therefore, g (2) (τ ) is not affected by the two-photon correlation. It means that the squeezed vacuum plays the same role as a thermal field with the same photon number. The same phenomenon was found by Rice and Baird in the case of a two-level atom [49] .
Sideband correlations
Now, we present an analysis of the quantum nature of the outer sidebands in the resonance fluorescence. This problem has been addressed in the context of one and two twolevel atoms [46, 48] . Aspect et al [61] have experimentally measured the quantum cross-correlation between the photons of the two sidebands and found that the left sideband appears first, followed by the right sideband. Here we are interested in the sideband correlations in a V-type atom damped by a squeezed vacuum and driven by a resonant driving field.
We restrict our analysis to the case of an intense external field, N γ ( ≡ 1 = 2 ), where the sidebands are well developed. We also consider δ k = 0. The temporal correlations of the outer sidebands may be investigated in terms of the second-order correlation function
R,L (τ )] is proportional to the probability of detecting a photon in the left (right) sideband at time τ > 0 given that such a photon was detected in the right (left) sideband at time τ = 0. In this regime of input fields, the two-time correlations can be easily determined by invoking the quantum regression theorem and the Bloch equations in the dressed representation (equation (23)). A straightforward calculation gives 
R,L (τ ) (curve b); that is, the result obtained for a two-level atom [47] is recovered. In this case the sideband correlations reduce to
So there is an exponential behaviour with a decay time τ d = 1. We analyse the influence of the squeezed vacuum by using N = 0.5 and = 0 (dotted curves), and = π (dashed curves). We clearly see that when the squeezed vacuum is present, the sideband correlations evolve at different
R,L (τ )), indicating that there is a time lag between the appearance of the outer sideband peaks. Therefore, the squeezed vacuum produces that G
R,L (τ ) in contrast with the case where N = 0. This behaviour was also obtained for a two-level atom [48] . Moreover, the phase of the squeezed vacuum strongly alters the decay rates of both G (2) L,R (τ ) and G (2) R,L (τ ). This behaviour can be explained in terms of the dependence of the decays on the relevant parameters: from the equations (A.1) given in the appendix we obtain for ω 32 = 0 and p = 0
It can be seen that when the atom is damped by the squeezed vacuum, the sideband correlations display a nonexponential decay. This nonexponential decay was previously found for the case of two two-level atoms [48] , in marked contrast to the present case where this behaviour takes place for a single atom. Let us continue with the case of nearly maximal quantum interference ( p = 0.99). The corresponding time evolution of sideband correlations is illustrated in figure 11(b) . We use the same parameters as in figure 11 (a) except for p = 0.99. It should be noted that both for N = 0 (solid curves) and N = 0 (dotted and dashed curves), the correlations evolve nearly in a synchronous way. This high correlation of photons from the two sidebands arises from the quantum interference. In this situation, and in contrast with the case p = 0, the sideband correlation always displays an exponential decay
with a decay time τ d = 0.5/(2N +1+2|M| cos ). This means that the decay time can be lowered or increased with regard to the value obtained for N = 0 by changing the value of the squeezed phase (as shown in figure 11(b) ). This result could be used to point out the quantum interference between the two decay channels in an experimental situation. Finally we have analysed the behaviour of G (2) R,L (τ ) and G (2) L,R (τ ) in the nondegenerate case. In the absence of quantum interference ( p = 0) the correlations display a similar behaviour to that obtained in the degenerate case. However, the sideband correlations are substantially modified in the presence of quantum interference. In particular, the sideband correlations G (2) R,L (τ ) and G (2) L,R (τ ) evolve at different rates, in contrast to the degenerate case. Furthermore, when the atom is damped by the standard vacuum these correlations take very low values. These low values can be understood by considering that the atom is near to a trapping state: the population of state |b is strongly reduced due to the interference between the two decay channels. The effect of the squeezed field is to increase the population of state |b (see [54] ), thus the correlations take larger values than those obtained for N = 0.
Conclusions
In this paper we have investigated the intensity-intensity correlation of a V-type three-level atomic system driven by a coherent field and a squeezed vacuum field, taking into account the possibility of quantum interference between the two decay channels from the two upper sublevels to the ground level. When considering the standard vacuum we recover the results reported by Swain et al [42] . Here we stress that the addition of a squeezed broadband vacuum changes the time evolution of two-time correlations. For distinguishable photons and degenerate transitions we have found that the squeezed field produces anticorrelation in the presence of quantum interference, in contrast to the case with standard vacuum. In the case of nondegenerate transitions and when the coherent field is tuned to the middle of the two upper levels, the effect of the squeezed field is to allow the emission of photons during certain time intervals. The influence of the squeezed phase on the correlations has been discussed. In particular, we find that after the first Rabi oscillation the squeezed vacuum takes the system to a complete photon antibunching state (see figure 3(a) ). Furthermore, by changing the squeezed phase one or both of the optical transitions may be inhibited (see figures 4 and 5(b) ). For particular conditions we show a bunching behaviour which turns to antibunching when the twophoton correlations in the squeezed vacuum are reduced to the classical level. This result reveals the nonclassical nature of the squeezed vacuum and it suggest the possibility of detection of weak quantum correlations through observing the two-time correlation functions. In the absence of external coherent field, the squeezed vacuum itself forces the atomic system to emit correlated photons in both degenerate and nondegenerate cases.
Finally, the sideband correlations are analysed. In the degenerate case we found that quantum interference produces a strong correlation for both ordinary and squeezed vacuum. In the nondegenerate case the correlations exhibit higher values when the atoms is damped by the squeezed field than those found in ordinary vacuum. This result arises from the effect of the squeezed field on the atomic state which departs from the nearly trapping state achieved for nearly maximal quantum interference.
The expression for the corresponding to the Bloch equations in the dressed state representation (see equation (23) 
